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XJIE^S.IMULATION OF A. C.__ VOLTAGE LEVELS 
FOR LINE-TO-GROUND FAULTS 
AI THE A. C. BUS-PAR OF AN_HVDC_INYJERTER 
by John H. Hobson 
ABSTRACT 
Kvon though hiqh voltaqc direct current (HVDC) links have been 
in commercial u:;e for over twenty years, very little in known about 
how the voltage level at an inverter behave:; during a.c. faulted 
condition;;.  It is well known that any fault or unbalanced load in 
an a.c. system could cause instability.  But how does the inverter 
behave to this condition? 
The severe unbalanced loading of an HVDC inverter system can 
cause abnormal operations within the inverter.  The moot common ab- 
normal operation is the failure to commutate from one valve to the 
next.  This can be caused by three conditions:  a delay in firinq 
time;  a voltage imbalance between two phases; or an increase in 
direct current while holding a constant firing angle. 
Why is a commutation failure of importance?  The most fre- 
quent abnormal inverter operation is commutation failure.  During a 
commutation failure a short circuit occurs in the bridge, during 
which no power is transferred to the a.c. network.  This, combined 
with the voltage imbalance in the a.c. system, may cause instabili- 
ty.  A better understanding of what occurs during commutation fail- 
ure and its effects on a.c. network will enable us to develop 
methods to minimize these effects. 
This thesis presents the several relationships between varl- 
1 
out; qujntltlpr, for the cane of a single ph.ino fault on an inverter 
output.  Included are a rlqoroun mathematical determination of 
the minimum value of voltage of the faulted phane before corrsuta- 
tlon failure occur;; an a function of the firing angle and graphi- 
cal proscntationa showing the variation in the line voltage and 
,-\. c.   output current for differing fault impedances.  The data 
presented in that generated by numeric solution of a state vari- 
able model of a twelve pulse inverter.  Solutions are presented 
for two cases of constant current and constant voltage supplied 
from the d.c. source. 
Six simulations were made for each cane, one without a fault 
and the other five with different values of fault impedance. Thin 
data was used to derive the relationships between the line voltage 
of the faulted phase and the impedance of the fault; also between 
the a.c. line current on the faulted phase and the impedance of the 
fault.  It was discovered that the per unit value of the voltage 
L, 
had the relationship of '     with the fault impedance.  The 
Lf ♦ xc 
current was related to the fault impedance by the relationship 
b      One simulation was made where the fault was removed 
Lf + Xb 
after five cycles and from this it was discovered that the bridge 
did not recover.  For the above relationships L* is the fault In- 
ductance, Xc and X^, are the break points in the curves and b is 
the gain factor for the last relationship. 
INTHOWXTIQJJ 
The first coirmrrcl.il high voltage direct current ( h . v . .1 . r . ) 
tr.inntnlssion line was put into opor.it ion in ll»S4.  Thin wan the 
kit land link which ties rVotland Island with Sweden.   In the two 
decades since the fotl.ind link went into operation nany technical 
advances have been made.  One was the development of the r.o 1 1 d state 
silicon controlled rectifier (S<~R).  These STH's, which are also 
called thynstcrs, are used now in many converter bridges instead of 
the mercury vapor valves.  Another development was the sophisticated 
control systems which became available with the development of solid 
state devices.  These advances of technology are a factor which 
helps to reduce the cost of d.c. line to a.c. line termination. This 
termination is the most costly part of the h.v.d.c. links and today 
d.c. links are economically competitive with a.c. lines in many 
cases. 
D.c. lines are used mainly for two purposes in present systems; 
as an asynchronous link between two a.c. systems and to aid in the 
stability of an   a.c. network.  The asynchronous link gives two power 
networks the ability to exchange energy without the requirement that 
they be synchronized.  Also, a disturbance in one system would not 
tend to be transmitted to the other.  In the second case the d.c. 
link is embedded in an a.c. network to enhance the stability of the 
network.  This comes from the fact that the d.c. link responds nuch 
faster to a change in transmitted power than an a.c. line.  When 
h.v.d.c. circuit breakers become economically feasible, the develop- 
ment of h.v.d.c. networks will become possible.  These networks will 
ill low power pooln to tr.inr.for energy without the j>ofin lbl 1 1 ty of 
chanqinq the stability of their nyntcan. 
There are five typer. of h.v.d.c. converter abnormal opcratlonn: 
backfire, arcthrouqh, quenchlnq, nlnfirc, and commutation failure. 
Backfiring l;; when a valve conducts current in the reverse direction. 
Archthrouqh, or shoot thru, in when a valve conduct:, durinq a period 
in which it is scheduled to be blockinq.  Quenchlnq In the condition 
when the current in prematurely oxtinguinhed.  A minflrc in when the 
valve falls to conduct when it in "turned on".  Commutation failure 
m when the commutatina cmf reverses before commutation m comple- 
ted;  this case occurs only in bridges operating in the inverter 
mode.  The first four abnormal conditions are minoperationn of the 
individual valves and independent of the a.c. and d.c. systems.  But 
the lant one is a misoperation of the entire bridge and in brought 
about by unbalanced loading of the a.c. system. 
This paper will investiqate the effects of 1ine-to-ground 
faults with different values of fault impedance on the operation of 
a twelve pulse inverter.  In this case the most frequent misope- 
ration is commutation failure.  First a relationship for the deter- 
mination of the minimum line voltage which ensures normal operation 
is derived.  Then a relationship between the line voltage and the 
fault inductance is determined from the simulation data (it la 
assumed that the fault impedance is purely inductive) .  Also, a re- 
lationship between the current supplied by the a.c. system to the 
fault and the fault inductance is determined.  But let us start 
with an explanation of commutation and commutation failure. 
COMMUTATION FAILURE 
What in concnutat ion?  It in the procenr. of reducing the current 
in one valve and incrcaning it in another.  Thin in done by the 
following process: 
dc 
n 
O 
fLJ". 
*! 
A 
V3 
f    f    f 
A.C.  NETWORK 
^^ 
Figure 1  SIX TULSL INVERTER 
1  =1  -l 
rl  dc  c (1) 
l  =i 
r2  c 
(2) 
d  i = (V -V )/2L 
dT c    2  1 
(3) 
Equation (3) is valid until i   =0.  Then valve no. 1 ceases to conduct 
rl 
and i ^ = I . .  The commutation tine is the time it takes for l   to go ldc rl 
from i   to zero.  This time rate of current change varies directly with dc 
the cocimutation emf (V^ - V.) 
Wh.it in corrrnut.it ion failure?  It l r. the condition when the 
current f.iilr. to conmutate fron one valve to the next.  Thin will 
occur if the conrnut.it ion emf chanqcn polorlty before the end of the 
commutation period.  If thin does happen then the current trannfern 
back to equal l ,  in the valve which was to be blocked. 
^     dc 
Some common conditions which will cause a commutation failure 
are:  a delay in the firing time, a chanqe in the voltage in one or 
two phases, and an increase in direct current with the firinq angle 
held constant.   Many commutation failures are caused by voltage 
drops due to faults in the A.C. systems. 
The following is a derivation of a relationship between voltage 
level (which will cause commutation failure) vs. the firing angle. 
First we define the commutation emf as the voltaac between the two 
phases which are commutating. Next we assume that the voltage V io 
reduced by a factor of "a"; but with no chanqe in phase, and that 
voltages V., and V, retain their original magnitude but are shifted 
in phase.  (See Kiqure 2). 
FIGURE 2 - A.C. VOLTAGE PllASORS 
V = a Em cos (un + n/3) 
V = Em cos (UT - T/3 + c) 
V  - Em cos {uii   -   v   - c) 
such that V  + V, + V  = 0 
1    2    3 
(4a) 
(4b) 
(4c) 
(5) 
Now substituting equation (4c) into equation (5) gives the relation- 
ship between a and c. 
(6) 
(7) 
0 - a - 2 cos (c ♦ TT/3) 
-1 
c - cos   ( (a '2)- TT/3 ) 
u is the firing angle 
6 is the extinction angle 
In referring back to equation (3) wt? got equation (8) 
1,  - i , - EE  /~con  (O-TT/3 ♦ C) -a con (0*  */3)d0    (8) d
r    
r2
   2u<L )  u c c 
Whore 0 ■» ut 
Now 5 m chosen an the angle at which the cocmutatlon craf la   zero. 
By using the rolatlonnhips given in equationr. (9) and (10 a-c) we get 
equation (11) which in the comniutat ing cmf. 
con 0 - am (0 ♦ TT/2) (9) 
p sin C = Bin A t m Sin B (10a) 
where 
-i 2 0'    = 1 ♦ m  + 2 con (D-A) (10b) 
C = tan   (m sin (B-A)      + A (10c) 
(1 + m cos (B-A) 
cos (0 - u/3 + c)- a cos (0 + n/3) 
= /l + a2 - 2 a coso sin (0 + TT/6 + c + X) (11) 
where a   = 2 TI - C (11a) 
3 
A = tan    (- a sin o  ) (lib) 
(1 - a cos o) 
Now we integrate equation (8) which gives us the relationship in 
equation (12). 
l .  - Emvl ♦ a2 - 2 a cos o -003(0* „/6 + t +x )l6     (12) 
a/l   +   a2 i        =   Eni^ '   -   2   a   cog   a (cos   (fi   ♦   »/6   ♦   r   ♦   k) 
dc -        : \ 
- con (6 ♦ n/6 ♦ r ♦ X)j (13) 
But since we defined 6 an the angle at which equation (11) in equal 
to zero and 6 is normally greater than */2 for inversion, we get 
equations (14 a-b). 
6   + TT/6 ♦ c + X = 7! (14a) 
cos (<5 + V0> + r + X) -  -1 (14b) 
Substituting equation (14b) into equation (13) yields equation (IS). 
2 uiL  1 , 
c
   
c
    — = cos (a ♦ TI/6 + c + X) ♦ 1 (15) 
,^T~^ Emvl + a  - 2 a cos o 
Now we can use equation (15) to determine"a"for any given firing angle. 
MODEL FOR SIMULATION 
Modeling Approach. 
Three mathematical model algorithms were considered for the simu- 
lation; state equations, direct phase model, and symmetrical components. 
The state equation model is a straight forward method in which each 
dynamic element is evaluated by its time derivative.  The disadvantage 
of this method is that it is rather bulky.  The direct phase model 
makes a coordinate change from a fixed axis in "space" to one rotating 
with respect to an a.c. machine.  This algorithm i3 useful mainly 
when studying rotating machines.  Symmetrical components is a method 
which ia used to replace an unbalanced three phase system with an equiva- 
lent system of positive, neqativo and zero nequence coaponentn.  But in 
order to use this method a symmetrical component model of the Inverter 
bridqe would have to be developed.  The state variable model wan selected 
because it is the simplest to set up.  The model in composed of three 
parts;  the d.c. model, inverter model, and a.c. model (sec figure 3). 
DC 
MODEL 
INVERTER 
MODEL 
A    C. 
MODEL 
Figure 3  MODEL OF THE SYSTEM 
The Inverter Model 
The inverter can be simulated by a piecewise model with the 
assumption that the valves (SCR1s) behave ideally.  In referring back 
to Figure 1 we see that the mathematical equations which govern at 
any instant depend entirely on which valves are conducting or blocking. 
10 
Thorpforp,    lot   un   rip f 1 nc   S   such   th.it 
S S S 11 12 13 
s        s        s 
21 22 2 3_ 
1 valvo conducting 
where s 
0 valve blocked. 
Next we define x and y such that 
x = T.   S   nun of upper valves conducting 
y " !S   sum of lower valves conductinq 
2] 
( H.) 
(17a) 
(17b) 
Finally, we will define a function qroup as the set of differ- 
ential equations for a particular valve confiquration of S.  We then 
use the two quantities x and y to determine which function group in 
valid.  (For the listing of each individual function group see 
append 1x A.) 
The A. C. Model 
The a.c. model as shown in Figure 4 is composed of a set of har- 
monic filters and a transmission line.  In order to simplify the 
model all components were assumed to behave ideally and a   nominal L-R 
lumped model was assumed for the transmission line.  One end of the 
model is connected to the inverter and the other is connected to an 
infinite bus-bar of constant voltage.  Shown in Figure 4 is the as- 
sumed direction of the voltages and currents.  Since the a.c. model 
is linearly continuous, there is only one set of equations 
which will govern.  (For a listing of these equations see appendix B.) 
11 
I    I L      R    V 
k-1 
i„   "  5".    1 . + i, + i   only one phase is shown. 
HF i    k    b     ' ' ] = 1 
Figure 4  THE A.C. MODEL 
THE D. C. MODEL 
The d.c. model is similar to the a.c. model in that it contains 
a transmission line and a harmonic filter.  In Figure S we see that 
the transmission line is again modeled as a lumped L-R circuit. 
One side of the model is connected to the d.c. source which is 
assumed to be either constant current or constant voltage, and is 
assumed to be perfectly smooth.  The other end of the model is 
tied to the inverter. 
DC. 
SOURCE 
where !\A ls the effective voltage and ;B 1 s L,ie effective cormu - 
tat ion inductance. 
Kigure 5 THE D.C. MODEL 
When we are operating the system with a constant current source, 
the d.c. transmi uii ion line equation has no valid meaning; but when 
operating a:; a constant voltage source then this equation must bo in- 
cluded.  This model can represent operation with the bridge con- 
ducting or blocked.  (For a complete listing of all equations which 
govern in these four cases, please refer to appendix C.) 
SIMULATION ALGORITHM 
The model used for tins study was partially based on the square 
Butte d.c. link and inverter station at Arrowhead, Minnesota.  This 
inverter is a twelve pulse bridge which is actually two six pulse 
bridges with one electrically rotated 1/6  radius before the other 
bridge.  in this case the bridges are in series on the d.c. side 
13 
and in parallel on the a.c. nide.  The transformer!! are connected 
an follown:  bridge one low nide (d.c.) wye: hiqh nide (a.c.) wye, 
bridge two low sides (d.c.)  delta: hiqh nide wye.  The wye-wye 
trannformer har. no voltage and current transformat ion problemn since 
there is no phase shift.  But thin in not the case for the delta-wye 
trannformer.  For the delta-wye transformer the commutation voltage 
and a.c. current relationships are given in equations (19) and (20) 
and shown in Figure 6. 
omfc21  -  V2" n v (19) 
rl 1
  
(i
 rl " ^3* JT 
(20) 
\ 
'r2 
V3 
V2 
Figure 6 DELTA - WYE TRANSFORMER RELATIONSHIPS 
Therefore, the total current from the inverter is the sum of the 
14 
currcntr. fron the two bridges and the tot.il d.c. voltage and corr-njta- 
tlon inductance l r. also the sura of the valuer, for the two brldgon. 
(For a complete lir.tlng of all the values of the conponentn of the 
model, see appendix 0.) 
The computer stimulation of thin entire system model wan done by 
ur.inq an integration package known as Differential Systems Simu- 
lator Revision Two (DSS/2).  This package wan developed at Lehlqh 
University and is basically a Runga Kutta integrating routine with 
an error estimating and correcting feature.  At each interval of tine 
the matrix S is evaluated and those equations which are valid arc 
used.  The next valve to fire is "turned on" at each advance of */6 
electrical radians;  this means we are holding the firing angle, a, 
constant.  When the current in a valve reaches zero the valve in 
"turned off".  After this has been repeated for 5 cycles the results 
are plotted and a harmonic analysis is performed on certain selected 
variables.  This is based on the assumption that the voltage will 
reach a steady state within 5 cycles following a disturbance.  The 
initial conditions were determined by assuming ideal behavior of the 
inverter.  That is, we operated the inverter model by itself with 
l ,  being smooth and V   being a pure sinusoidal of frequency 60 Hz. dc ac 
Then we made a harmonic analysis of the a.c. current and d.c. vol- 
tage.  Using these results and complex arithmetic, the a.c. and d.c. 
responses were determined in terms of their fundamental and charac- 
teristic harmonics, up to the 49th harmonic.  Then the sum of the 
real parts was used as our initial conditions. 
Two types of studies were made, constant current source and 
15 
constant voltage source.  For each study aix olnulationn were done, 
one with no fault and five with different values of fault induc- 
tions, Lf.      In each run with a fault the fault wan started at tine - 
o sec.  All simulation runs were started at tine » -o.ooo417 nee, 
(9 electrical degrees before the fault wan initiated) with a battle 
time interval of   = o.oool39 sec.  An extra simulation wan done in 
which the fault wan removed at the first zero current crooning after 
5 cycles, with a total simulated time of 10 cycles. 
8fiSl!LIS 
Tables 1 and 2 are the tabulation for the fault simulation.  The 
first table in for the case of constant current source and the second 
one is the case of constant voltage.  Ij, is the a.c. line current 
minus the load current.  Also, "a" is the ratio of the line voltage 
of the fault to the line voltage of the load. 
TABLE 1 
CONSTANT CURRENT SOURCE 
Lf hi a IH Commutation 
(mil) (kv) (p.u.) (ka) Failure? 
* 189. 1.0 0.0 No 
500. 187. 0.999 1.11 No 
100. 179. 0.946 4.94 No 
10. 121 0.639 32.9 Yes 
1. 28.4 0.150 74.8 Yes 
0. 5 15. 3 0.081 80.9 Yes 
16 
JMJL£.i 
CONSTANT VOLTAGE SOURCE 
Lf N a |Ifll Cosrautation 
(mh) (kv) (p.u.) (ka) Failure? 
- 189. 1.0 0.0 No 
500 187. 0.989 1.01 No 
100. 179. 0.946 4. 78 No 
10.0 121. 0.639 31.5 Yea 
1. 0 28.4 0. 150 74.8 Yon 
0. 5 15. 3 0.081 81. 1 YOB 
Let us look at the value of "a" as a function of the fault induc- 
tance of L .  Firstly, we see that "a" tends to go to zero when L  in 
zero and becomes one when Lf goes to infinity.  Equation (21) givea a 
function which meets these characteristics. 
X  + L, 
c    f 
(21) 
where X  = 0.00565 
c 
We can see from Figures 7 and 8 that this relationship docs appear to 
exist.  But what is X  dependent upon?  From Table 2 we deduce that the 
d.c. side of the inverter does not control X.  Therefore, we can clain 
that X  is dependent largely on the a.c. system and the harmonic 
filters.  The breakpoint X was determined by averaging the X 's from 
c c 
each run. 
17 
Now let ua look at the relatlonnhlp between I.  and L .  An L. 
gocs to infinity If, approachen zero.  Alno, when Lf   In zero I^j 
reaches a maximum value.  Equation (22) in a relatlonnhlp which nan 
these characteristic!;. 
f 1 Lf * Xb 
(22) 
Table 3 is the tabulation of b and X. for the two canon and Figures 9 
and 10 are the plots of the best fit curve. 
TABLE 3 
CONSTANTS USED FOR CURRENT vs. FAULT INDUCTANCE CURVES 
Case 
Constant Current 
Constant Voltage 
(amp-Henries) 
504 
525 
*b 
(Hcnrico) 
0.00572 
0.000 
The last three simulations of the constant voltage cane re- 
quired the following changes from the other simulations, in order to 
prevent collapse of the computer program.  The problem was a large 
current transient in the inverter, which caused the model to break 
down.  To get around this problem a "control" option was introduced, 
so that if the d.c. line current became larger than a set value, 
then the source voltage was reduced proportionately to the current. 
Also, the d.c. line current was not allowed to exceed an arbitrarily 
chosen maximum, and the smoothing choke was increased from 60 mH to 
120 mH.  When these modifications were incorporated, the model con- 
tinued to operate. 
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Equation (16) presents a relationship between i, the f1r1nq 
anqle, and a, the minimum per unit value of the voltaqe for noraal 
opera t lonr..  Thin model was operated with a constant flrlnq anqlo 
of 2.443 rad.  Ur.inq thir. anqle In equation (16) we obtained a value 
of a = 0.057.  Usinq thin value in equation (21) we obtained L» 
equal to 0.034 nil.  Two additional simulations were made with L, 
equal to 0.034 and 0.033.  In the first case there was no commuta- 
tion failure;  but in the second case commutation failure did occur. 
To determine whether Xc is dependent on the a.c. system, wc In- 
creased the impedance of the a.c. transmission line z  by a factor 
of ten.  The results are tabulated in Table 4. 
TAPLE__r4 
EFFECT OF INCREASED A.C. LINE IMPEDANCE 
Lf 
(mil) 
100. 
10. 
V 1 
(kv) 
118. 
20.4 
a 
(p.u.) 
for z. x k 
0.946 
0.630 
a 
(p.u.) 
X 
(mH) 
for z. x 10 zf x 10 
0.624 60.0 
0. 150 57.0 
Finally, in order to determine whether the bridqe would recover 
from the voltaqe drop due to the fault, a run was made in which the 
fault was turned on a time t = 0 and, after five cycles, the fault 
was removed at the first current zero.  Fiqures 11 through 15 show 
the results for L^ = 0.033 and constant d.c. current source.  Wo can 
see from Figure 11 that the bridge did not recover.  Several other 
runs were also made where L^ was varied, the firing angle was 
changed when the fault was removed, and the a.c. transmission line 
19 
impedance war. reduced.  The bridge did not recover from any of these 
canon.  One nuccennful recovery procedure has been to bypann the 
bridge, ntart it up an a rectifier, and then advance the firing 
angle and block the bypann circuit.  Thin procedure in the n/inc an 
used when firnt starting up the bridge, with both the a.c. and d.c. 
linen energized. 
OBSj^yATIONS_^D^ON^CTimES 
BASED ON SIMULATION RUNS 
Listed below are some observations of the simulations and con- 
]octures about the results made by the author. 
1. The breakpoint in the fault current and voltage vs. L*-, 
the fault inductance, is seen to be very close in value to 
the a.c. transmission line impedance divided by the fundamental 
frequency. 
2. The maximum a.c. current fed to the fault is close in value 
to the infinite bus-bar voltage divided by the transmission 
line impedance. 
3. The relationships obtained for the line voltage and a.c. 
current fed to the fault vs. the fault inductance behave the 
same as the voltage and current divider laws. 
•1.  The inability of the bridge to recover was due to a very 
large ripple in the d.c. current from the bridge. What appeared 
to happen is that during commutation the d.c. current was higher 
than normal.  This would make the time required for commutation 
larger to the extent that the commutating emf would change 
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polarity before commutation In completed. 
5. It wan observed that the a.c. line current han a negative 
d.c. transient component.  This means that the a.c. in- 
finite bu3-bar is supplying the d.c. current tranniont.  The 
author believer, that this is due to the initial conditiono, 
that is the actual value of the state variables at the time 
the fault was initiated. 
CONCLUSIONS 
On the basis of this work, we can describe inverter operation when 
subjected to an a.c. system fault as follows: 
1. The expression for the a.c. line voltage to ensure normal 
operation in terms of the firing angle a, is given in 
equation (15). 
2. The line voltage is related to L. the fault inductance by the 
equation, a =  1  .  Where x  depends on the circuit con- 
L, + x c 1 c 
figuration on the a.c. side of the inverter. 
3. The a.c. line current fed to the fault is related to Lf by the 
equation I,, =   "  .  Where x  and b depend on the circuit 11
   L, + x c f    c 
configuration on the a.c. side of the inverter. 
•1.  The inverter did not return to normal operation when the fault 
was removed.  The reduction of the ripple on the d.c. current 
from the bridge will aid in the recovery of the bridge.  This is 
from the fact that Commutation failure is a self-correcting con- 
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ditionj  that in, whon the abnormal voltage and current conditlonn arc 
removed from the bridge the bridge will return to normal operation 
after one electrical cycle. 
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APPENDIX A 
INVERTER MODEL EQUATIONS 
Listed bolow arc the function groups for tho bridge oj>oratlon. 
Each group is defined by two numbers where tho first in the number of 
valves which are conducting in the lower row, and the second ID tho 
number in the upper row (nee Figure 16).  Where r,  is tho current in i) 
the   valve   1j . 
r?j] r22  I r23\ 
FIGURE 16  THE INVERTER MODEL 
3-1 
Function Group Dcscrlption 
(0,0) Ho phase indices 
l   -i"r   -0     ]-l,2,3   k  -  1, 2 
dc    3    kj 
d   .  ° 0 
dt  * j 
(0,1) 1 - phase number of the conducting valve of the 
upper row. 
Same as group (0.0) 
(1,0) tn - phase number of the conductinq valve of the 
lower row. 
Same as group (0,0) 
(0,2) l,n - phase numbers of conducting valves of the 
upper row. 
1-  ,   =  1_  (V, - V ) 
dt xl     2L    i n 
c 
<L i - - d dt
   n      dT S 
l  = r   = r,  = l 1    11    In    n 
(2,0) m,n - phase numbers of the conducting valves in 
the lower row. 
d_  = 1   (Vm - V ) 
At-        m      n dt
    2L 
c 
<L - i  - d i 
dt
     
n
     dT  m 
i  = r  = -i  = r_ 
a 2ra     n    2n 
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(0, 3) 1 » 1   n 
i- l ■- -  1   (V  -IE   V )  5-1,2,3 
c 
r   - i 
*3    3 
(3.0) l = lm-2n-3 
Same an group (0,3) 
(1.1) 1 - phase number of the upper row. 
m - phase number of the lower row. 
i   =  i   =  r   «■  r   °i 
1
      n      lj      2m    dc 
d o   •     ^ 
— l   =  -d   l   = d  l 
dt
 
x
    dT m  dT ^ 
(1.2) For non-shorted state 
l.n - phase numbers of upper row. (1 
m - phase number of the lower row. 
±-  l   =  i_  (V, - V ) ♦ S 5- i^ 
dt  1     2L    1    n      dt  dc 
c 
V ) + S — i 
1     dt  . dc 
d 
—   l 
dt     n 
= A-       (V 2L          n 
c 
dt     m 
a 
-d 
sid= 
l, ♦ i  = -i  = i,  = r 
in     m    dc    2m 
l, = r        l  = r 
1    11        n    In 
36 
For shorted state 
l,n - phase numbers of the upper row 
m - phase number of the lower row. (1-n) 
d  <  . 1  (v - v ) 
dt  1   2L    1 
c 
1_ i  - - d_ i 
dt  n    dt  1 
*- i - o dt  m 
r   ■= i   -i   r,   =  i   r    "i, 
11    dc    1   ln     n   2m     dc 
(2,1) For non-shorted state 
1 - pha3e number of the upper row. 
m, n - phase numbers of the lower row. (m < n) 
i_ i   = i__ (V  -V  ) + v, —  i. 
dt  m    2L   m    n       dt   dc 
c 
— i  = — <v - v ) ♦ S ^ i dt  n     2L   "    m      Jt   dc 
d_ .    d_ . 
dt  i ~ dt  d 1
       c 
i, = i   - l   =  l 
Inn     dc 
r   =  i   r   =-i   r   ■»  i 
2m     m   2n      n    11     dc 
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For 3hortcd atatc 
1  -  phase number of the upper row. 
m,n  -  phane numbers of the lower row. (1-ra) 
d 
dt 
i 
m 
a 1 
2L 
c 
(V      - • V 
d 
dt 
i 
n 
13 
-   d 
dt 
i in 
d 
dt *1 
a 0 
11      dc   2m      dc      m   2n       n 
(1,3) 1  -  phase number of the lower row. 
m,n -  phase numbers of the others such that ra<n. 
3 
dt  5     Lc    j   J k=1 
d
  i .  ~  J_  (V. - ^ L       V)   j = 1,2,3 
"ll  =  *1 + ^c    rim  "  *»   rln  "  *n 
r21  "  'dc 
(3,1) 1  -  phase number of the upper row. 
m,n  -  phase numbers of the others such that u<n. 
_ i   =  I  (V. - 1 I V )  j - 1,2.3 
fc
  
]
     
L
c   
]
  I k = 1  * 
11     dc    21     dc    2m      o 
2n     n 
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{2,2) 1   -  phane number of the valvon In the upper 
and lower rown. 
m   -  phar.o number of the other valve In the 
upper row. 
n   -  phase number of the other valve In the 
lower row. 
_d_ i   -I       <v, " I 5:    v>  3"1.2.3 
dt  ]     L        3 k - 1  k 
c 
r,. ° i,   r,   =  i   r    =  i . 11    dc   In      n   21      dc 
r -,        =1 2n      ro 
(2,3) Undefined State - Any time where more than four 
valves are conducting the model in arbitrarily 
ahut down. 
(3.2) Undefined State 
(3.3) Undefined State 
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The state cquationn for the a. c. nynten and the haroonlc filtern 
are lir.ted below (refer to Figure 5). 
k-1 
1  = 1   -  ::   i. - i,  -  i   -i (Dl) b    r;    5 = i   D    k      r    f 
dV VK  +  lb 7 S (D2> 
^- V  =1  V  - i / C (D3) 
dt  k   dt   F    k     k 
~  V   =  3- V„   l . / C. (B4) dt  3     dt  F -  ]    3 
^- i   =  r-^  (V  - R . i ) (B5) dt  ]     L     ]    3  ] 
d
  if  = -J- (V  - R, i,) (D6) 
dt  f    Lf    F    f  f 
^_ 1,.  =  i_ (Vp - Vc. - R  1 ) (B7) 
dt u L    F    b    s  s 
s 
3T'K   -    «4;StV§> 
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APPENDIX '.' 
P. C. MODKL EQUATIONS 
Tho r.tate equation!! of the d. c. model are lioted for the four 
jx>uaible operating condition;}.  Refer to Figure 4 for the circuit 
diagram. 
1.  Bridge conducting;  Conntant voltage aourcc: 
VFP  =  (±-     1 _  1_ i  - d_ i )  L  ♦ (i   - i, - i,| R. dt   d      dt  1   dt  t    2     dc    1    I   2 
■*c 
(CD 
^  
VD
 "  'dc  " "l (C2) 
C 
1 
1 ,  - 1  - 1 
d  VDP =  dc    J    1 
dT <C3> 
C
 2 
d 
J-  l       (E - VD  -  VFD - R  i )/L (C4) 
at   t tit 
—  l        (VD + VDP ♦ VFP - LA) / (L  + IB)       (C5) 
dt   dc s 
4- i  = (VFP - R, i ) / L (C6) 
dt  1 111 
Bridge conducting;  Constant current source: 
In this case only equations (CD and (C4) change as follows: 
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VFP  - li.  i.   -  ^_  1, ) L. ♦ (1   - i. - 1.) R-,    (C7) 
dt   dc     dt   1    2     dc    1    I        2 
d
   v   »0 (C8) 
dt   I 
3.  Bridge not conducting;  Constant voltage source: 
In this cane, only equations (CD and (C5) change iron the firot cane 
and i   in equal zero, 
dc 
VFP  =  (1 i,  ♦ ±-   i.) L  - (i. + 1.) R. (C9) 
dt  l dt l        2 1 l        2 
-7T  i   = O (CIO) dt   dc 
4.  Bridge not conducting;  Constant current source:  This case in like 
case No. 3 except with _ i equaling zero.  Therefore equations (CD 
dt t 
and (C4) are changed and equation (CIO) in included in this case. 
VFP  =  -(^_ i.) L - (i  + i. ) R (C1D 
dt  1   2     1*2 
dT \ = ° (cl2) 
dT v- - ° (cl3) 
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APPEHDIX D 
OODZL  PABAMETKBS 
Listed bolow 1B tho value of all the componcnto used in all 
simulation except where noted. 
Inverter 
L   =  0.03785 H 
c 
D.C. 
L 
1 
= 0. 0338 H 
L 
2 
= 0. 0122 H 
L = 0. 06 H 
13 
Le = 
0. 87 H 
L = 0.05 H 
11 
L = 0.0535 H 
13 
L^ = 0.009 H 
L = 0.00562 H 
Rj  =  1.32 A       C  =  1.6 uF 
R   =  0.0 0        C  -  0.87 uF 
R   =  15.08 n 
A. C. 
Rll 
= 0.0 Q c 
n 
- 1. 16 uF 
R13 = o.o n 
c13 a 0. 77 uF 
\ = 166.0 n CK = 1. 5  uF 
R 
s 
= 0.069 n 
S a 3. . 0 wF 
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